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frizzled and frizzled 2 Play a Partially Redundant
Role in Wingless Signaling and Have Similar
Requirements to Wingless in Neurogenesis
up by the signal-receiving cell. With the help of the cyto-
plasmic adaptor protein Disheveled (Dsh), the Wg signal-
ing prevents Shaggy-kinase/Zeste white 3/Gsk-3 from
phosphorylating Armadillo (Arm)/b-Catenin. This stabi-
lizes the Arm product in the cell at the intracellular level
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(Peifer et al., 1994). A hypophosphorylated Arm, in com-
plex with the LEF-1/TCF-1 homolog called Pangolin (re-Summary
viewed in Cadigan and Nusse, 1997; Bhat, 1999), be-
comes translocated to the nucleus and activates targetThe Drosophila Frizzled (Fz) and Frizzled2 (DFz2) pro-
genes. This pathway appears to be conserved from Dro-teins function as receptors for Wingless (Wg) in tissue
sophila to C. elegans and vertebrates (Miller and Moon,culture cells. While previous results indicate that loss
1996; Cadigan and Nusse, 1997).of function for fz has tissue polarity defects, loss-of-
In recent years, the developing embryonic central ner-function effects of Dfz2 are not known. Here, we have
vous system of Drosophila has proven to be an excellentexamined the requirements of fz and Dfz2 during neu-
paradigm to elucidate the functioning of such signalingrogenesis. Our results indicate that both Fz and DFz2
pathways as the one mediated by Wg (reviewed in Bhat,function in Wg signaling, and loss of either of the two
1998, 1999). During neurogenesis, about 30 neuroblastaffects the same subset of neuroblasts as those af-
(NB) cells in each hemisegment delaminate from a bipo-fected by loss of wg. While these defects are partially
tential sheet of neuroectodermal cells along the medio-penetrant in embryos lacking either fz or Dfz2, the
lateral and anterior±posterior axes in rows and columnspenetrance is significantly enhanced in embryos lack-
in a stereotyped spatiotemporal pattern. Each of theseing both. Since the penetrance of the CNS phenotypes
neuroblasts has acquired, by the time it is formed, ais not complete in double mutants, additional compo-
unique fate. A neuroblast then functions as a stem cellnents that allow some degree of Wg signaling must
and divides asymmetrically, renewing itself and produc-exist in vivo.
ing a chain of ganglion mother cells (GMCs). A GMC
does not self-renew; instead, it divides asymmetricallyIntroduction
to generate two distinct neurons. At the end of neuro-
genesis, each of the hemisegments has z320 neuronsThe wnt family of genes encodes short-range signaling
and z30 glia (see Hartenstein and Campos-Ortega,molecules that play a crucial role in a number of develop-
1984; Doe, 1992; Bossing et al., 1996; Schmidt et al.,mental decisions in a variety of organisms (reviewed in
1997).Klingensmith and Nusse, 1994; Miller and Moon, 1996;
In the ventral nerve cord of the Drosophila embryo,Cadigan and Nusse, 1997; Bhat, 1998, 1999). The most
wg is expressed in row 5 cells within a segment. It iscelebrated member of this family of signaling genes is
nonautonomously required for the formation and speci-the Drosophila segment polarity gene wingless (wg), the
fication of row 4 neuroblasts as well as for the formationortholog of the vertebrate gene int-1. In Drosophila, Wg
of a few neuroblasts in row 5 and most neuroblasts in
is shown to be required for a number of developmental
row 6 (Chu-LaGraff and Doe, 1993; Hartenstein et al.,
processes, such as segmental patterning of the epider-
1994; Bhat, 1996). Among those neuroblasts that are
mis (Bejsovec and Wieschaus, 1993) and neurogenesis
affected in wg mutants, NB4-2, a row 4 neuroblast that
(Patel et al., 1989; Chu-LaGraff and Doe, 1993; Bhat,
gives rise to the RP2/sib lineage (Thomas et al., 1984;
1996, 1998, 1999). Defects in this signaling pathway
Doe, 1992; see Bhat, 1998, 1999), has been one of the
result in tumorigenesis in mammals to developmental most studied neuroblasts in the CNS. The RP2 and its
abnormalities in vertebrates, Drosophila, and C. elegans sibling cell are formed from the first GMC of NB4-2 (this
(reviewed in Cadigan and Nusse, 1997; Bhat, 1998, GMC is known as GMC-1 or GMC4-2a). In this lineage,
1999). Among the several Wnt proteins, Wg occupies a wg is shown to be required for both the formation and
central position in fly and vertebrate development. specification of this neuroblast (Chu-LaGraff and Doe,
During development, Wg appears to nonautono- 1993; Bhat, 1996). Studies in the past several years have
mously influence events in neighboring cells. Studies also indicated that the standard Wg signaling pathway
done in the past decade on Wg signaling have uncov- might also be conserved to a large extent in the fly CNS
ered a number of components of this pathway (see and involves all the signal transduction components that
Klingensmith and Nusse, 1994; Siegfried and Perrimon, function in the epidermis (see Bhat, 1998, 1999).
1994; Miller and Moon, 1996; Cadigan and Nusse, 1997; In the last several years, there has been much effort
Bhat, 1998, 1999). These studies provide a good under- to understand how the Wg signal is transduced from
standing of how the Wg signal mediates cell±cell com- the exterior to the interior of the cell. However, failure
munication. It begins with the secretion of Wg to the to identify a bona fide receptor for Wg has significantly
exterior. Genetic studies indicate that this secretion re- hampered these efforts. Recently, it was shown that in
quires the product of a molecularly uncharacterized tissue culture cells the two known Drosophila Frizzled
gene called porcupine. From the exterior, Wg is taken group of proteins, Frizzled (Fz) and Drosophila Frizzled2
(DFz2), bind to Wg and regulate the intracellular stabili-
zation of Arm (Bhanot et al., 1996). These genes encode* E-mail: kbhat@cellbio.emory.edu.
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seven-pass transmembrane proteins and thus could po-
tentially function as receptors for Wg. However, due to
lack of mutations in the Dfz2 gene, it is not known
whether DFz2 is the receptor for Wg or even if it functions
in the Wg signal transduction pathway in vivo. While the
related protein, Fz, also binds to Wg in tissue culture
cells (Bhanot et al., 1996), mutations in fz have not been
shown to have a phenotype similar to loss of function
for wg. For instance, while a complete loss of function
for wg causes segmentation and CNS defects resulting
in embryonic lethality, loss of function for fz has no
lethal effect and shows only adult tissue polarity defects
(Adler, 1992; Gubb, 1993).
In this study, we have examined the requirements of
fz and Dfz2 during neurogenesis using mutations in fz,
deficiencies for Dfz2, Dfz2, and fz transgenes that ex-
press only the extracellular domain anchored to the
membrane (Bhanot et al., 1996; Cadigan et al., 1998;
Zhang and Carthew, 1998), and by analyzing embryos
lacking both fz and Dfz2 activities. We show that the
elimination of maternal and zygotic fz gene products
causes loss of NB4-2→GMC-1→RP2/sib lineage and Figure 1. Loss of fz Affects the Specification of the GMC-1→RP2/
failure in the formation of row 6 neuroblasts in the ventral sib Lineage
nerve cord of the Drosophila embryo. While these CNS Ventral views of embryos stained with anti-Eve. The vertical lines
indicate midline, arrowheads indicate missing GMC-1→RP2/sib.defects are similar to the CNS defects in wg mutants,
WT, wild type; wg, wingless (wgCX4/wgCX4); fz, frizzled (fzR52/fzK21).the penetrance of these CNS phenotypes is partial. Simi-
(A and B) Wild-type embryos. Note that the sib loses Eve expressionlarly, a loss of function for Dfz2 during neurogenesis
by 11±12 hr of development.also results in the same CNS phenotypes as loss of
(C and D) wg mutant embryos.
function for fz, although these CNS phenotypes are par- (E and F) Embryos lacking both maternal and zygotic fz. The RP2/
tially penetrant, as in fz mutants. Analysis of embryos sib lineage is missing in a partially penetrant manner. The other Eve-
positive lineages (aCC/pCC, Us, CQs, and ELs; some of them arelacking both fz and Dfz2 indicate that the penetrance
out of the focal plane or unmarked in these photographs) are notof the CNS defects is significantly enhanced in these
affected in wg or fz mutant embryos.double mutants. Thus, fz is likely to share a partial func-
tional redundancy with Dfz2. Nonetheless, these results
indicate that fz and Dfz2 function in the Wg signaling
fz functions in wg signaling, loss of fz activity must affectpathway. Since the penetrance of these phenotypes is
this lineage. Therefore, the specification of this lineagenot complete in fz, Dfz2 double mutants to the same
in fz mutant embryos was initially examined by stainingextent as it is in wg null embryos, additional components
these embryos with an antibody against Even-skippedthat allow some level of Wg signaling must exist in vivo.
(Eve). In this lineage, Eve is first expressed in GMC-1
(see Figure 1A). It is also expressed in the newly formed
daughters of GMC-1, that is, the RP2 and the RP2-sibResults
(or simply the sib). While it continues to be expressed
in the RP2 neuron, Eve expression is lost from the sibLoss of fz Activity Results in the Same
NB4-2→GMC-1→RP2/sib Lineage soon after its formation (see Figure 1B). Thus, Eve stain-
ing can be used to determine the formation of GMC-Defect as Loss of wg Activity
Previous results show that loss of fz activity has only 1→RP2/sib cells in a given mutant embryo. As shown
in Figures 1C and 1D, anti-Eve staining of wg mutantan adult tissue polarity phenotype. Thus, the individuals
lacking both maternal and zygotic fz have disorganized embryos shows that the Eve-positive GMC-1→RP2/sib
lineage is missing from all the hemisegments of mutantcells within the epithelia, including in the wings, legs,
and eyes (Adler et al., 1987, 1990, 1992; Vinson and embryos in a fully penetrant manner (see Figures 1C
and 1D; see also Patel et al., 1989; Chu-LaGraff andAdler, 1987; Gubb, 1993; Jones et al., 1996). We initiated
this work with the premise that embryos homozygous Doe, 1993). However, when fz mutant embryos that are
homozygous or transheterozygous for different fz allelesfor loss-of-function mutations in fz might show an em-
bryonic phenotype in a partially penetrant manner. If were examined with anti-Eve, none of the embryos
showed loss of RP2/sib lineage in any of the hemiseg-these defects are not lethal or the resulting lethality is
very low, such partially penetrant defects can escape ments. Since there is considerable maternal contribution
of fz to developing embryos, we generated embryos thatdetection. Therefore, we determined whether embryos
transheterozygous for two different fz mutations exhibit are lacking both maternal and zygotic fz (henceforth
called fz mutants) using three different fz alleles, fzK21,a partially penetrant wg-like phenotype in the CNS. Pre-
vious results indicate that loss of wg affects one of fzR52, and fz1. Individuals transheterozygous for fz1/ fzK21,
fzR52/fzK21, or fz1/ fzR52 are viable and produce progeny.the well-studied neuronal lineages, the NB4-2→GMC-
1→RP2/sib lineage (Patel et al., 1989; Chu-LaGraff and While fz1 appears to be a strong hypomorphic allele,
closer to a null as judged by the adult tissue polarityDoe, 1993; Bhat, 1996; reviewed in Bhat, 1998, 1999). If
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Table 1. The Effects of Loss of Function for fz and Dfz2 on the
Specification of the RP2/sib Lineage
% Embryos No. Hemisegments
Genotype Affected Affected
fzR52/fzK21 15 1±3
fz1/fzK21 10 1±2
fz1/fzR52 11 1±2
Dfz2df/Dfz2df 51 2±4
Dfz2df/Dfz2df; wild-type Dfz2 22 1±2
DDfz2/DDfz2 27 1±3
DDfz2 13 1
DDfz2/wg;DDfz2/1 53 2±7
DDfz2/wg 25 1±3
Dfz 0 0
fzR52/fzR52, Dfz2df/Dfz2df 100 10±13
fz1/fz1, Dfz2df/Dfz2df 100 6±11
The RP2/sib lineage defect was scored by anti-Eve staining. Mutant
embryos that were z9 hr old were used for scoring. Note that the
fz mutant embryos showing the defects in fzR52/fzK21, fz1/fzK21, or
fz1/fzR52 crosses could be transheterozygous for the two alleles or
homozygous for either of the two alleles. We have observed some
variability in the penetrance of the phenotypes from egg lay to egg Figure 2. Loss of fz Activity Affects the NB4-2→RP2/sib Lineage
lay in these experiments. Therefore, the penetrance for the Dfz2 Specification
deficiency is a conservative number. To identify Dfz2 or fz, Dfz2
Ventral views of segments (A and B) or half-segments (C and D).double-mutant embryos, a combination of kni (kni affects the ab-
The vertical lines indicate midline, arrowheads indicate missing RP2dominal segmentation of embryos) and nkd phenotypes (duplication
neuron, and small arrows indicate axonal projections from RP2 andof the RP2/sib lineage in a partially penetrant manner, our unpub-
aCC neurons, ISN, intersegmental nerve bundle. In (A) and (B), em-lished results) were used. See Experimental Procedures for generat-
bryos double stained with anti-Eve and MAb 22C10. The dark nu-ing embryos of various genotypes.
clear staining indicates Eve expression, and the membrane staining
indicates 22C10 staining.
(A) Wild-type embryo. Only a differentiated RP2 neuron expresses
22C10. The aCC and pCC neurons are also Eve- and 22C10-positive.phenotype, the fzK21 is an inversion that breaks the fz
(B) In fz mutant embryo (fzR52/fzK21), the hemisegment on the left isgene in the first exon (Adler et al., 1987; 1990; Krasnow
missing an Eve- and 22C10-positive RP2 neuron.
et al., 1995). Therefore, fzK21 can be regarded as a null (C and D) hkb5953 and hkb5953, fzR52/fzK21 embryos stained with anti-b-
allele of fz. On the other hand, the fzR52 allele behaves gal to visualize the Hkb-LacZ positive cells. In wild type (C), NB4-2
phenotypically as a null. Analysis of expression of Fz in expresses hkb5953. Several other neuroblasts also express Hkb5953
(see Chu-LaGraff et al., 1995). NB4-2 in fz mutants often fails toWestern blots in these mutant alleles also supports
express hkb5953 (D).these conclusions. That is, while some Fz protein is
detected in fz1, no Fz protein can be detected in fzK21
embryos (Krasnow et al., 1995; P. Adler, personal com-
munication). In fzR52, only a very small amount of a trun- GMC-1→RP2/sib lineage phenotype. Thus, while the
penetrance of the RP2/sib lineage defect in fzR52/fzK21 iscated Fz protein is detected in overexposed Western
blots (Jones et al., 1996; P. Adler, personal communica- z15%, the penetrance in fz1/fzK21 is 10% (n 5 110), and
the penetrance of the phenotype in fz1/fzR52 is z11%tion). Moreover, the molecular analysis of fzR52 shows
that the mutation in this allele introduces a termination (n 5 112). Since the penetrance of the RP2/sib lineage
phenotype is the same in fz1/fzK21 and fz1/fzR52, fzR52 mustcodon immediately after the sixth transmembrane do-
main of the Fz protein (Jones et al., 1996). This generates be considered equivalent to fzK21, the known null allele
of fz (see also above). These results also indicate thata truncated protein lacking the seventh transmembrane
domain as well as the intracellular domain (see Jones fz1 is a very strong hypomorph, closer to a null. These
conclusions are consistent with the previous findingset al., 1996). Even if we suppose that the FzR52 protein
binds to Wg, since the amount of this mutant protein is (see Adler et al., 1987, 1990; Krasnow et al., 1995; Jones
et al., 1996). Therefore, the RP2/sib lineage defect ob-very low, it is unlikely to be able to sequester Wg to the
extent that it would produce a phenotype by a dominant- served in fzR52 or fzR52/fzK21 mutant embryos most likely
represents a null phenotype of the fz locus.negative mechanism (see below and also Discussion).
Moreover, the genetic evidence also indicates that fzR52 That RP2 neurons are indeed absent in these fz mu-
tants is also confirmed by double staining these em-is a phenotypic null allele of fz (see also below).
We initially examined embryos generated from the bryos with anti-Eve and MAb 22C10. MAb 22C10 is a
monoclonal antibody raised against a membrane anti-fzR52/fzK21 individuals with anti-Eve. As shown in Figures
1E and 1F and Table 1, approximately 15% of the em- gen (Fujita et al., 1982). It stains the membrane of the
cell body as well as the axonal projection of a fullybryos (n 5 88) showed a partially penetrant GMC-
1→RP2/sib lineage phenotype. In these affected em- differentiated RP2 motoneuron (see Figure 2A). In fz
mutants (embryos from fzR52/fzK21 individuals), hemiseg-bryos, one to three hemisegments were found to be
missing the RP2/sib lineage. Embryos from the other ments that were missing an Eve-positive cell in the loca-
tion of RP2 were found to be also missing a 22C10-two allelic combinations were also examined for the
RP2/sib lineage defects. As shown in Table 1, these two positive cell (Figure 2B). As with the anti-Eve staining,
about 14% of the mutant embryos (n 5 117 embryos)allelic combinations also showed a partially penetrant
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Figure 3. Loss of fz and Dfz2 Activities Affect
the Formation of Row 6 Neuroblasts
Ventral views of embryos stained with anti-
Gsb. The vertical lines indicate midline; num-
bering along the midline indicates rows of
neuroblasts. Arrows indicate Row 6 neuro-
blasts. Arrowheads mark the missing row 6
neuroblasts.
(A) Wild-type embryo.
(B) A wg (wgCX4/wgCX4) mutant embryo. Row
6 neuroblasts are missing.
(C) An embryo lacking both the maternal and
zygotic fz (fzR52/fzK21). Row 6 neuroblasts are
infrequently missing in a partially penetrant
manner.
(D) A Dfz2-deficient embryo [from Tp (3;Y)
J158 3 C (3) cross] with missing row 6 neuro-
blasts. This defect is also partially penetrant.
(E) An embryo expressing two copies of
DDfz2. Row 6 neuroblasts are missing from
the hemisegment on the lower left.
were missing an Eve- and 22C10-positive RP2 neuron Figure 3C, in fz mutant embryos the formation of row 6
neuroblasts was affected in a partially penetrant man-from one to two hemisegments. Thus, loss of fz activity
causes not just a missing Eve-positive RP2 cell but a ner. The penetrance of the loss of row 6 neuroblasts,
however, was very low (z2%, n 5 214), and only onemissing RP2 neuron itself, as in wg mutants.
We next determined whether this missing GMC- to two hemisegments in an affected embryo had these
row 6 neuroblast formation defects (see Discussion). In1→RP2/sib lineage is due to the loss of identity of the
parent neuroblast NB4-2 by examining the fz mutant summary, results described thus far indicate that al-
though partially penetrant, loss of fz causes the sameembryos with a NB4-2-specific marker, Huckebein (Hkb;
Chu-LaGraff et al., 1995). Hkb is a zinc-finger domain embryonic CNS phenotypes as loss of wg and is there-
fore consistent with the possibility that Fz functions inprotein and is expressed in NB4-2 (see Figure 2C); thus,
it is a very good marker for NB4-2. In embryos that are Wg signaling in vivo during neurogenesis.
mutant for wg, whenever a neuroblast in the location
of NB4-2 (row 4, second column in a hemisegment) is Loss of Dfz2 Results in Similar CNS Phenotypes
as Loss of fzformed, that cell is found to be missing the expression
of this NB4-2 marker (Chu-LaGraff and Doe, 1993; data The Dfz2 gene maps to the chromosomal interval 76A1±
76A2 on the Drosophila polytene chromosome (Bhanotnot shown). When fz mutant embryos were examined
for the expression of hkb using an enhancer-trap line in et al., 1996). There are no known point mutations in the
Dfz2 gene nor deficiencies that uncover Dfz2. In orderthe hkb locus hkb5953, the NB4-2 was found to be missing
the expression of this marker (Figure 2D). Moreover, to dissect the functional requirements of Dfz2 in vivo,
embryos that are deficient for the Dfz2 gene were gener-consistent with the Eve and 22C10 staining, the NB4-2
defect was found to be partially penetrant, and only one ated by crossing males carrying 3;Y transpositions that
uncover the Dfz2 gene to females from a compound-3to two hemisegments in 13% of the embryos (n 5 44
embryos) had the NB4-2 defect. In some of the affected chromosome (see Experimental Procedures). A portion
of the embryos generated by these crosses will be car-embryos, we also observed absence of a neuroblast in
the location of NB4-2 (given the low penetrance, how- rying the deficiency for the Dfz2 gene (Merrill et al.,
1988). When such embryos were examined for the RP2/ever, we could not rule out the possibility of a delayed
NB4-2 delamination or a misplaced NB4-2). Thus, the sib lineage defects using anti-Eve, the RP2/sib lineage
was found to be missing from Dfz2-deficient embryos.RP2/sib lineage defect in fz mutant embryos appears
to originate at the NB4-2 level, just as in wg mutants. As shown in Figures 4C and 4D and Table 1, z50% of
the embryos (n 5 77) had missing Eve-positive GMC-
1→RP2/sib lineage in as many as two to four hemiseg-Loss of fz Activity Also Affects the Formation
of Neuroblasts ments. Double staining of these embryos with anti-Eve
and MAb 22C10 also indicates that the hemisegmentSince Wg is also required for the formation of neuro-
blasts such as row 6 neuroblasts (Chu-LaGraff and Doe, that is missing an Eve-positive RP2 cell is also missing
a 22C10-positive RP2 neuron (data not shown). These1993; Matsuzaki and Saigo, 1996; Bhat and Schedl,
1997; see Figure 3B), we next examined whether the results therefore indicate that the loss of the chromo-
somal band that includes the Dfz2 gene has a partiallyformation of these row 6 neuroblasts is affected in em-
bryos that lack maternal and zygotic fz activity. This was penetrant RP2/sib lineage defect.
The Dfz2-deficient embryos were also examined withdetermined by staining these embryos with an antibody
against Gooseberry (Gsb). Gsb is expressed in neuro- anti-Gsb to determine whether the formation of row 6
neuroblasts is also affected in these embryos. As shownblast rows 5 and 6 and NB7-1 of row 7 (Figure 3A) and
thus can be used to determine the formation of row 6 in Figure 3D, formation of row 6 neuroblasts is affected
in a partially penetrant manner in these embryos. Usingneuroblasts (c.f. Bhat and Schedl, 1997). As shown in
Requirement of fz and Dfz2 in Neurogenesis
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Dfz2 is required for the specification of this lineage (see
Discussion).
A Truncated Form of DFz2 Blocks the Wg Signaling
and Gives the Same CNS Phenotypes as Loss
of fz or Dfz2
In tissue culture cells, it was previously shown that a
truncated DFz2 protein lacking the intracellular domain
but retaining the extracellular domain anchored to the
cell surface (DDfz2) could bind to Wg (Bhanot et al.,
1996). If this DDFz2 and Wg interact in vivo, then the
binding is expected to be nonproductive. However, this
binding of Wg by DDFz2 would sequester Wg nonpro-
ductively and thus would produce a phenotype similar
to wg mutants (Cadigan et al., 1998; Zhang and Carthew,Figure 4. Loss of Dfz2 Activity Affects the Specification of the NB4-
1998). Therefore, flies carrying a UAS-DDfz2 transgene2→GMC-1→RP2/sib Lineage
were crossed to transgenic flies carrying the gal4 geneVentral views of embryos stained with anti-Eve. (A), (C), and (E) are
early embryos, whereas (B), (D), and (F) are late embryos. (A) and under the control of daughterless promoter (da-gal4).
(B) are wild-type embryos, (C) and (D) are Dfz2-deficient embryos, When the embryos from this cross were examined by
and (E) and (F) are DDfz2 embryos. Anterior end is up and vertical anti-Eve and anti-Gsb staining, they showed both the
lines mark the midline. Missing RP2/sib lineage is indicated by ar-
NB4-2→GMC-1→RP2/sib lineage defect and the row 6rowheads. Note that the RP2/sib lineage defect in the Dfz2-deficient
neuroblast formation defect. These defects are, how-and DDfz2 embryos is partially penetrant.
ever, partially penetrant in terms of the number of em-
bryos and the number of hemisegments that are affected
several other chromosomal aberrations, the partially (Figures 3E, 4E, 4F, and 5B and Table 1). That the loss
penetrant missing RP2/sib lineage defect was localized of Eve-positive GMC-1→RP2/sib lineage in embryos ex-
to chromosomal bands 75F1±76A2, thus narrowing pressing the DDfz2 transgene is due to the loss of NB4-2
down the defect to a much smaller region. In summary, identity is indicated by the result that NB4-2 often did
these results are consistent with the possibility that Dfz2 not express a NB4-2-specific marker, hkb5953, in these
is required for the normal specification of NB4-2→GMC- embryos (see Figure 5D).
1→RP2/sib lineage and row 6 neuroblast formation and Since the penetrance of the CNS phenotypes in DDfz2
that Dfz2 functions in the Wg signaling pathway during embryos is not as strong as in wg mutant embryos, it
neurogenesis (see below). is possible that the binding of DDFz2 to Wg in the CNS
Since the chromosomal interval 75F1±76A2 still in-
is weak or less efficient (see Discussion). Nonetheless,
cludes several genes other than Dfz2, it is possible that
DDFz2 binds to Wg in vivo and sequesters Wg nonpro-
the RP2/sib lineage and row 6 neuroblast defects in
ductively, as indicated by the dose±response between
these deficiency embryos are due to the loss of genes
the number of copies of the DDfz2 and the penetranceother than Dfz2. In this scenario, either Dfz2 did not
of the phenotype. As shown in Table 1, while the pene-participate in Wg signaling during neurogenesis, or its
trance of the RP2/sib lineage defect was 27% (n 5 55)function is completely redundant. We wished to deter-
with two copies of the transgene (da-gal4 was used tomine whether or not the RP2/sib lineage defect in Dfz2
induce the DDfz2 transgene), the penetrance with a sin-deficiencies is due to the loss of Dfz2 gene (or at the
gle copy was 14% (n 5 73).minimum, contributed to by it). A wild-type Dfz2 gene
Previous studies indicate that Wg is required for thewas introduced into Dfz2 deficiency background by
specification of NB4-2 in the neuroectoderm itself priorcrossing the Dfz2 deficiency to a transgenic line carrying
to the formation of NB4-2 (Chu-LaGraff and Doe, 1993;a Dfz2 transgene under the yeast upstream activator
Bhat, 1996; Bhat and Schedl, 1997). If the RP2/sib lin-sequence (UAS-Dfz2). A gal4 gene under the control of
eage defect in DDfz2-transgenic embryos is the resultarmadillo promoter (arm-gal4) was also introduced into
of a nonproductive interaction between DDFz2 and Wgthe Dfz2 deficiency in order to activate the UAS-Dfz2
proteins, this must happen in the neuroectoderm also.transgene (see Experimental Procedures). Whether or
Indeed, induction of DDfz2 at different time points (usingnot the expression of UAS-Dfz2 from the maternal Gal4
a transgenic line that carries the gal4 gene under therescues the RP2/sib lineage defect in Dfz2 deficiency
heat-inducible heat shock promoter HS-gal4) during em-was determined by anti-Eve staining. As shown in Table
bryonic development (see Experimental Procedures) in-1, a partial rescue of the RP2/sib lineage phenotype was
dicates that the temperature-sensitive periods for theobserved in Dfz2-deficient embryos carrying the UAS-
DDfz2 and the wgIL114 (the temperature-sensitive alleleDfz2 transgene. Thus, while the RP2/sib lineage defect
of wg) were very similar. The highest penetrance of thewas z50% in Dfz2 deficiency embryos (with two to three
RP2/sib lineage defect in DDfz2 embryos (z40%, n 5hemisegments affected in each embryo), the penetrance
40) was observed during the time when loss of wg alsowas reduced to z20%, indicating that the rescue is as
had the fully penetrant effect, that is, in midstage 8much as z60%. Therefore, these results indicate that
(z4.25 hr of development; see also Chu-LaGraff andthe loss of Dfz2 gene, at the minimum, contributes to
the RP2/sib lineage defect in Dfz2 deficiencies and that Doe, 1993; Bhat, 1996).
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Figure 6. Dfz2 and fz Genes Function in the wingless Signaling Path-
way and the Simultaneous Loss of fz and Dfz2 Activities Enhances
Figure 5. Expression of DDfz2 Affects the NB4-2→RP2/sib Lineage the Penetrance of the RP2/sib Lineage Defects
Specification Ventral views of embryos stained with anti-Eve. Anterior end up,
Ventral views of segments (A and B) or half-segments (C and D). vertical lines indicate midline, missing RP2/sib lineage indicated by
The vertical lines indicate midline, arrowheads indicate missing RP2 arrowheads.
neurons, and small arrows indicate axonal projections from RP2 (A) A wild-type embryo.
and aCC neurons, ISN, intersegmental nerve bundle. (B) An embryo expressing two copies of DDfz2 in wg heterozygous
(A and B) Embryos double stained with anti-Eve and MAb 22C10. background. The penetrance of the missing RP2/sib lineage in these
The dark nuclear staining is the Eve, and the membrane staining is embryos is significantly enhanced.
the 22C10. (A) A wild-type embryo. Only a differentiated RP2 neuron (C) An embryo missing both Dfz2 and fz activities is shown.
expresses 22C10. (B) In the DDfz2 embryo, those hemisegments
that are missing the Eve-positive RP2 cells are also missing the
22C10-positive RP2 neurons. lineage defect was observed in these embryos. This
(C and D) hkb5953 and DDfz2; hkb5953 embryos stained with anti-b-gal indicates that expression of Dfz does not interfere with
to visualize the Hkb-LacZ positive cells. In wild-type (C), NB4-2 the Wg signaling in the CNS, unlike the expression of
expresses hkb5953, whereas a NB4-2 in DDfz2 embryo often fails to
DDfz2. This is consistent with the finding that the pene-express hkb5953 (D).
trance of the NB4-2→GMC-1→RP2/sib lineage defect
in Dfz2-deficient embryos is greater than in fz mutant
embryos (see Table 1) and indicates that Dfz2 has aDDfz2 Genetically Interacts with wg in the CNS
To obtain additional evidence that DDFz2 binds to Wg greater role in Wg signaling than fz in this lineage. This
result also suggests that the DFz protein might not di-in vivo and that this binding is responsible for generating
the CNS phenotypes, we determined whether the effects rectly bind to Wg in the CNS (see Discussion).
of DDfz2 can be modified by altering the copy numbers
of the wild-type wg gene. The effects of either one copy The Partial Penetrance of the CNS Phenotypes
in Dfz2-Deficient Embryos Is Significantlyor two copies of the DDfz2 on the specification of the
RP2/sib lineage in wg heterozygous background (wg/1) Enhanced by the Elimination
of Maternal and Zygotic fzwas examined. As shown in Table 1, the penetrance of
the RP2/sib lineage phenotype with one copy of the Results described thus far indicate that the loss of func-
tion for either of the two Frizzled proteins results inDDfz2 or two copies of the DDfz2 embryos was en-
hanced by lowering the wild-type copy number of wg partially penetrant CNS phenotypes that are similar to
CNS phenotypes in partial loss of function for wg. It isto one. Not only were the number of embryos affected
enhanced, but often embryos with more numbers of possible that fz and Dfz2 genes partially complement
one another during neurogenesis. If this is the case, losshemisegments missing the RP2/sib lineage can be ob-
served (Figure 6B). These results show that reduction of both fz and Dfz2 is expected to give fully penetrant
CNS phenotypes that are similar to complete loss ofin the gene dosage of the wild-type wg has an enhancing
effect on the CNS phenotypes generated by the expres- wg. To determine this, embryos lacking both fz (maternal
and zygotic) and Dfz2 were examined for the RP2/sibsion of DDfz2.
lineage defect by anti-Eve staining (see Experimental
Procedures). As shown in Figure 6C and Table 1, a signif-Expression of a Truncated Fz during Neurogenesis
Has No Effect on the RP2/sib Lineage in the CNS icant enhancement of the penetrance of the RP2/sib
lineage defect was observed in these double-mutantTo determine whether the expression of a truncated fz
gene (Dfz) also generates the same CNS defects as the embryos. Not only the number of hemisegments af-
fected increased (as many as 10±13 hemisegments inexpression of DDfz2, flies carrying a Dfz transgene
(Zhang and Carthew, 1998) were crossed to da-gal4- the strongest fz allelic combination), but all of the mutant
embryos were showing the RP2/sib lineage defect (n 5transgenic flies. Embryos from this cross were examined
by anti-Eve staining. As shown in Table 1, no RP2/sib 34). The penetrance of the RP2/sib lineage defect in
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embryos generated from fzR52, Tp (3;2) N2-27/fzK21 line the defects than the fz1/fzK21 or fz1/fzR52 combinations.
Similarly, the penetrance of the RP2/sib lineage pheno-was slightly higher compared to embryos from the fz1, Tp
(3;2) N2-27/fzK21 line (Table 1), a finding that is consistent type was slightly higher in fzR52, Dfz2 embryos than in
fz1, Dfz2 embryos. Thus, fz1 is likely to be closer to awith the conclusion that fz1 is a strong loss-of-function
mutation and fzR52 is a phenotypic null. In summary, null allele, a conclusion also reached based on the analy-
sis of tissue polarity defects (see Adler et al., 1987, 1990).these results argue that the two Frizzled proteins play
a partially redundant role during the specification of this Whether the fzR52 allele is a phenotypic null requires
some examination in view of the result that the pointlineage. Moreover, an important finding of this study is
that a full penetrance of the CNS phenotypes was not mutation in this allele generates a truncated Fz protein
that lacks the last transmembrane protein and the intra-observed in embryos lacking both the frizzled genes
(see Discussion). cellular domain but retains the ligand-binding extracellu-
lar domain (Jones et al., 1996). Thus, the FzR52 protein
could potentially bind to Wg, and the phenotype ob-Discussion
served in the fzR52 allele could be due to sequestration
of the Wg protein (i.e., via a dominant-negative mecha-It has been suggested that the Frizzled group of proteins
nism) as was with embryos expressing DDfz2. There areare likely the physiological receptors for Wnt proteins
at least two lines of evidence that argue against this(reviewed in Cadigan and Nusse, 1997). In Drosophila,
possibility. First, the level of the truncated Fz protein inat least two frizzled genes, fz and Dfz2, have been iso-
fzR52 is very low (Jones et al., 1996), and it is thereforelated, and in cell culture assays both these proteins
unlikely that FzR52 sequesters Wg to the extent that itbind to Wg (Bhanot et al., 1996). Experiments involving
would produce a phenotype by a dominant-negativemisexpression of fz and Dfz2 or expression of truncated
mechanism. Second, when a Dfz transgene that en-forms of fz and Dfz2 suggest that the two Frizzled pro-
codes a Fz protein that is molecularly similar to the FzR52teins function in transducing the Wg signal (Cadigan et
protein was expressed in wild-type background duringal., 1998; Zhang and Carthew, 1998). Moreover, it has
neurogenesis, it did not result in a missing NB4-2→been shown that fz interacts genetically with dsh in tis-
GMC-1→RP2/sib lineage phenotype (Table 1). This re-sue polarity patterning (Krasnow et al., 1995), a down-
sult also indicates that DFz and FzR52 proteins mightstream component of the Wg signaling pathway. How-
not bind to Wg in the CNS. Thus, the CNS phenotypesever, lack of mutations in Dfz2 and the lack of a wg-like
generated in fzR52 or fzR52, Dfz2 double mutants are likelyphenotype in loss-of-function fz mutants had raised the
due to the functional loss of the Fz protein rather thanquestion of whether these Frizzled proteins are indeed
sequestering of Wg by the mutant FzR52 protein and in-receptors for Wg or even function in the Wg signaling
terfering with Wg signaling by a dominant-negativein vivo. The experiments described in this paper address
mechanism. Moreover, these results also raise the pos-this issue of in vivo requirements of these genes during
sibility that the wild-type Fz protein might not directlydevelopment. Our results show that both fz and Dfz2
bind to Wg in the CNS (this issue is further discussedare required during Drosophila neurogenesis. Loss of
below).either of the two frizzled genes leads to partially pene-
trant CNS phenotypes that are similar to partial loss-
of-function CNS phenotypes in wg. These partially The CNS Requirement of DFz2 in Wg Signaling
penetrant phenotypes can be significantly enhanced by While there are no known point mutations or stable defi-
eliminating both fz and Dfz2. These results therefore ciencies that can be analyzed to determine the loss-
provide evidence that the two proteins function in the of-function effects of Dfz2, we have circumvented this
Wg signaling in the CNS and that they might partially problem by examining synthetic deficiencies that elimi-
complement one another during neurogenesis. nate the Dfz2 gene, a strategy also independently
adopted by Wieschaus and coworkers (Muller et al.,
1999). These experiments show that the loss of Dfz2An Embryonic Requirement for fz in the CNS
We had previously observed that loss of NB4-2→GMC- results in the same partially penetrant CNS defects as
loss of fz. Since the null phenotypes of Dfz2 were deter-1→RP2/sib lineage (and/or row 6 neuroblasts) in one
to two hemisegments in the ventral nerve cord of the mined using a synthetic deficiency that removes not
only Dfz2 but also a small number of other genes, oneDrosophila embryo does not necessarily cause lethality
(Bhat et al., 1995; our unpublished results). Therefore, can argue that these defects might not be due to the
loss of Dfz2 but due to either the elimination of genesgiven that there is more than one frizzled gene in Dro-
sophila, we reasoned that loss of fz activity alone might other than Dfz2 or in addition to Dfz2. While the segment
polarity gene naked (nkd) resides close to Dfz2 and ishave a very small effect that might show up as a partially
penetrant phenotype. Indeed, results described here in- involved in defining the anterior border of wg expression
(Bejsovec and Wieschaus, 1993), loss of nkd activitydicate that while the loss of zygotic fz has no CNS de-
fects, loss of both maternal and zygotic fz causes a does not cause loss of RP2/sib lineage (our unpublished
results). The ability of DDFz2 to bind to Wg in vivo, thepartially penetrant NB4-2 and row 6 neuroblast forma-
tion defects in the CNS. We found that the penetrance similarity in CNS phenotypes in fz and Dfz2 embryos to
phenotypes in wg mutants, and the enhancement ofof the phenotype was dependent on the strength of the
allelic combination. For example, embryos from the fz the penetrance of these phenotypes in Dfz2, fz double
mutants strongly argue that the CNS defects observednull allele fzK21 in combination with fzR52, a phenotypic null
(see Results and also below), had a higher penetrance of in the Dfz2-deficient embryos are due to loss of Dfz2.
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Finally, the rescue of the CNS defects in Dfz2-deficient loss of fz and Dfz2. A second, rather intriguing, possibil-
ity one must consider is that the reception of the Wgembryos by a wild-type Dfz2 transgene (Table 1) also
argues that the loss of Dfz2 gene is responsible for the signal and its transduction occurs through a multiprotein
receptor complex. In this scenario, the Frizzled proteinswg-like CNS defects in Dfz2 deficiency embryos.
It must be pointed out that the rescue of the RP2/sib (one to several, depending on the tissue) are part of this
complex that binds Wg. There is some basis to supposelineage defect in the Dfz2 deficiency embryos by wild-
type Dfz2 transgene was not complete in these experi- this conjecture. For example, previous results indicate
that there might be distinct domains of Wg that qualita-ments. At least two possibilities must be considered.
First, the activation of wild-type Dfz2 transgene in Dfz2Df; tively influence the interaction of Wg with proteins and
its signal transduction (Bejsovec and Wieschaus, 1995;UAS-Dfz2 embryos was under the control of maternally
deposited gal4 gene products (see Experimental Proce- Hays et al., 1997). Having a multiprotein receptor com-
plex, for instance, would also allow the activation ofdures). It is possible that the maternal storage of Gal4
was getting exhausted just as the NB4-2 is being speci- the receptor complex in qualitatively different ways in
different tissues, depending on the contribution andfied. There is some evidence that the maternal activity
of arm promoter generates only enough products that configuration of each of the components within the re-
ceptor complex.last just as NB4-2 identity is specified. It is therefore
possible that sufficient amounts of the DFz2 protein in
all of the hemisegments in each and every Dfz2Df; UAS-
The Binding of Frizzled Proteins to WgDfz2 embryo might be lacking to fully rescue the defect.
Results from the consequence of the expression ofA second possibility is that the RP2/sib lineage defect
DDfz2 and Dfz genes in vivo during neurogenesis providein Dfz2 deficiency embryos is contributed to not only
some insight into the binding of the two Frizzled proteinsby the loss of Dfz2 gene but also by the elimination of
to Wg. While the expression of DDfz2 during neurogen-some other gene. If this is the case, the penetrance of
esis produces wg-like CNS phenotypes (indicating thatthe RP2/sib lineage defect in fz, Dfz2 double-mutant
DFz2 binds to Wg), these phenotypes are not as strongembryos must be considered correspondingly less se-
as loss of function for wg. This would indicate that DDFz2vere. Thus, it would only argue that a greater degree of
does not bind to Wg very efficiently (consequently, theWg signaling occurs in the absence of both fz and Dfz2
interference is not very strong). Interestingly, the expres-during neurogenesis. Nevertheless, the rescue experi-
sion of Dfz in the CNS fails to produce even a weaklyment indicates that the loss of Dfz2, at the least, is partly
penetrant wg-like phenotype, indicating that DFz (or theresponsible for the CNS defects observed in the Dfz2
FzR52 protein) might not even bind to Wg in vivo in thedeficiency and fz, Dfz2 double-mutant embryos.
CNS (consequently, it does not interfere with the Wg
signaling). While the truncations in these proteins mightFunctional Redundancy between fz and Dfz2
affect their binding to Wg in the CNS, in the epidermisIt has been recently argued that Fz might not function
the expression of DDfz2 generates a wg-like cuticle phe-in the Wg signaling during the wing and eye develop-
notype in a more or less fully penetrant manner (Zhangment, and that in these tissues, while DFz2 functions to
and Carthew, 1998; our unpublished results); a similarreceive the Wg signal, Fz receives the signal from some
expression of Dfz produces a wg-like cuticle phenotype,other Wnt (Boutros et al., 1998; Zhang and Carthew,
but it is not very strong (Zhang and Carthew, 1998).1998). If DFz2 is solely responsible for receiving the
Given these results, it seems likely that tissue-specificWg signal in the CNS, elimination of Dfz2 should have
differences exist, which in turn affect the binding abilitieseliminated the NB4-2 lineage in a manner similar to loss
of the two truncated proteins in the CNS versus epider-of function for wg. Given that the wg-like CNS defects
mis. Whether tissue-specific differences also influencein Dfz2 embryos are only partially penetrant, as is the
the binding abilities of wild-type DFz2 and Fz proteinscase with fz mutants, the simplest explanation is that
to Wg in vivo is an open question. However, possibilitiesthere is a genetic redundancy between fz and Dfz2 and
such as this one would be consistent with the multipro-both function in the transduction of the Wg signal. The
tein complex hypothesis (see above). Thus, differentobservation that the penetrance of the RP2/sib lineage
Frizzled proteins would have different binding affinitiesphenotype is significantly enhanced in embryos lacking
to Wg and other components of the complex. If oneboth fz and Dfz2 activities certainly reinforces this view.
of the components is missing from this complex, theThese results are also consistent with the observation
strength of the phenotype will depend on the extent ofthat during epidermal patterning, while the intracellular
its contribution to the signal-transducing complex.localization of Arm is not significantly affected in em-
One might also envision a scenario where the role ofbryos missing Dfz2, it is nearly lost in embryos missing
the two Frizzled proteins is restricted to delivering Wgboth the activities (Muller et al., 1999).
to the real Wg receptor. Thus, in fz, Dfz2 double mutants,A lack of complete penetrance of the phenotypes in
the local concentration of Wg is lowered, preventing afz, Dfz2 double mutants raises other possibilities as well.
greater degree of Wg signaling. However, there is someFirst, there may be other frizzled gene(s) that comple-
evidence that argues against this possibility. For in-ment the loss of fz and Dfz2 genes during neurogenesis.
stance, partially penetrant wg-like CNS defects are notWhile in mouse several fz genes have already been iden-
observed in embryos that are hemizygous for wg (ourtified (Wang et al., 1996), recently two additional frizzled
unpublished results). Second, the level of Wg in the CNSgenes have also been isolated in flies (M. Boutros and
is much reduced in patched (ptc), gsb double mutants;M. Mlodzik; A. Sato and K. Saigo, personal communica-
tions). Thus, these frizzled genes could complement the however, this did not result in a missing RP2/sib lineage
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GPI motif. The UAS-Dfz-transgenic line is described in Zhang anddefect (Bhat and Schedl, 1997). Furthermore, the RP2/
Carthew (1998). This Dfz has the extracellular domain, the first trans-sib lineage is also not affected in embryos that carry four
membrane domain, and the first two residues of the first intracellularcopies of the wild-type wg gene. A conclusive answer
loop. To induce DDfz2, the DDfz2-transgenic flies were crossed to
to this question would require examining whether the transgenic lines carrying the gal4 gene under the control of either
phenotypes in fz, Dfz2 double mutants can be sup- of the three promoters, da, arm, or heat shock 70. Embryos were
collected from these crosses (see below for the induction of DDfz2pressed by increasing the dose of wg. However, this
using HS-gal4) and stained with anti-Eve. The lowest penetrance ofwould require point mutations in Dfz2. In summary, our
the RP2/sib defect was observed when DDfz2 was induced zygoti-results indicate that fz and Dfz2 genes participate in Wg
cally from arm-gal4 (9%, n 5 30). The weaker penetrance of thesignaling in vivo during neurogenesis, but some degree phenotype in the arm-gal4 cross appears to be due to the late timing
of Wg signaling occurs in the absence of both these of the activation of zygotic arm promoter. Thus, when DDfz2 was
genes. These results open up the possibility that the induced using maternally deposited (and zygotic) arm-gal4, the pen-
etrance was enhanced to the same level as that when induced usingWg signal reception and transduction might involve a
da-gal4 (see Table 1). To determine whether lowering the dose ofmultiprotein complex where Fz and DFz2 are only part
wg enhances the DDfz2 phenotypes, either one or two copies ofof it. This would allow some degree of Wg signaling
UAS-DDfz2 transgenes were introduced into wg/1 background, and
even in the absence of these proteins. the induction was done by crossing to da-gal4 flies. Embryos were
stained with anti-Eve and anti-Gsb. To determine whether NB4-2
identity is specified in embryos expressing the DDfz2 transgene,Experimental Procedures
the hkb5953 was introduced into DDfz2 background and the DDfz2
gene was induced using the da-gal4 line. The expression of HkbFly Strains and Genetics
was examined with anti-b-gal. To determine the effect of expressionThe wg alleles used were a null allele (wgCX4) and a temperature-
of Dfz during neurogenesis, UAS-Dfz line was crossed to da-gal4sensitive allele (wgIL114). The fz alleles used were fzK21, fzR52, and fz1.
line and the embryos stained with anti-Eve.Embryos lacking both the maternal and the zygotic fz were gener-
ated from flies that are transheterozygous for fzR52 and fzK21, fz1 and
Temperature Shift ExperimentsfzK21, or fz1 and fzR52. These flies are viable and lay a normal number
wgts embryos were collected for 20 min either at 188C or at 298C.of eggs. The Dfz2 gene maps to 76A1±76A2, and embryos that
These embryos were immersed in halocarbon oil and aged for ap-are deficient for the Dfz2 gene are generated by crossing 3 to Y
propriate durations either at 188C or at 298C. They were transferredtranspositions Tp (3;Y) J158 and Tp (3;Y) A81 to compound-3 fe-
to Eppendorf tubes containing halocarbon oil and upshifted to 298Cmales (see Merrill et al., 1988). The RP2/sib lineage defect was
or downshifted to 188C as the case may be. The embryos werenarrowed down to 75F1±76A2 using the following chromosomes:
allowed to grow in this temperature until they reached stage 13. ToTp (3;Y) J158 (breakpoints: 73C±79D), Tp (3;Y) A81 (75D±80), Df (3L)
determine the effect of induction of DDfz2 during neurogenesis,Cat (75C1±75F1), Df (3L) VW3 (76A3±76B2), Df (3L)kto2 (76B1±76D5),
embryos were collected at 188C, as above, from a cross betweenDf (3L) ri-K2 (76D±77F5), Df (3L) in61 (76F±77D1), Df (3L) ME107
a DDfz2 line and the HS-gal4 line. These embryos were aged for(77F3±78C9), and Df (3L) Pc (78C4±79E3). See Lindsley and Zimm
appropriate durations at 188C. DDfz2 transgenes were induced by(1992) for details on these chromosomal aberrations. The embryos
shifting these embryos to 378C for 25 min. After the heat shock,lacking the maternal and zygotic fz as well as Dfz2 were generated
these embryos were allowed to grow at 188C until they reachedby two steps. First, the fz1 or fzR52 was recombined with a transposi-
stage 13. Embryos were quickly washed with heptane (to removetion, Tp (3;2)N2-27. This transposition has a deficiency segregant
the oil), fixed, and stained with anti-Eve as described previouslythat uncovers the Dfz2 gene [Df (3L) N2-27; breakpoints: 75B±80]
(Bhat, 1996; Bhat and Schedl, 1997).and a duplication segregant [Dp (3; 2) N2-27; the duplication is
on the second chromosome; breakpoints: 75B±80]. Second, the
Immunohistochemistryrecombinants were crossed to the null allele of fz, fzK21. The lines
Embryos were collected, dechorionated using 40% bleach, andwere maintained as fz1, Tp (3;2) N2-27/fzK21, and fzR52, Tp (3;2) N2-27/
fixed by the N-heptane, formaldehyde method. See Bhat (1996) andfzK21. An egg lay from these stocks is expected to generate embryos
Bhat and Schedl (1997) for details about the antibodies and staininglacking both the gene products in a ratio of 1/16. The double-mutant
procedures. Mutant homozygotes were identified using a combina-embryos can be identified by their kni or nkd phenotypes, as Tp
tion of marker mutant phenotypes, antibody staining, and LacZ-(3;2) N2-27 also uncovers these genes. To determine whether the
marked balancers. The staging of the embryos was done accordingNB4-2 identity is specified in fz embryos, the NB4-2-specific en-
to Wieschaus and Nusslein-Volhard (1986).hancer-trap marker hkb5953 was recombined with fzR52. This fzR52,
hkb5953 chromosome was crossed to fzK21, and the embryos resulting
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